Abstract. Based on the idea of telemedicine, 24-hour uninterrupted monitoring on electrocardiograms (ECG) has started to be implemented. To create an intelligent ECG monitoring system, an efficient and quick detection algorithm for the characteristic waveforms is needed. This paper aims to give a quick and effective method for detecting QRS-complexes and R-waves in ECGs. The real ECG signal from the MIT-BIH Arrhythmia Database is used for the performance evaluation. The method proposed combined a wavelet transform and the K-means clustering algorithm. A wavelet transform is adopted in the data analysis and preprocessing. Then, based on the slope information of the filtered data, a segmented K-means clustering method is adopted to detect the QRS region. Detection of the R-peak is based on comparing the local amplitudes in each QRS region, which is different from other approaches, and the time cost of R-wave detection is reduced. Of the tested 8 records (total 18201 beats) from the MIT-BIH Arrhythmia Database, an average R-peak detection sensitivity of 99.72 and a positive predictive value of 99.80% are gained; the average time consumed detecting a 30-min original signal is 5.78s, which is competitive with other methods.
Introduction
A typical electrocardiogram consists of five characteristic waves: the P wave, Q wave, R wave, S wave, and T wave (sometimes together with the U wave). This series of waveforms correspond to each phase of cardiac activities. The QRS complex and R-peaks are of pathological importance and their detection serves as an entry point to almost all automated ECG analysis algorithms. Based on the identified QRS complex and R-wave, the rest of the waves can be detected. In the past, many approaches to QRS and R-wave detection have been proposed, including algorithms from the field of signal processing, morphology, and machine learning. Afonso proposed detecting ECG beats by filter banks [1] . Kadambe presented a method to detect QRS with a wavelet transform [2] . These algorithms based on the simple signal processing method can obtain the detection results very quickly but with undesirable sensitivity (<99%). Strintzis used a multilayer neural network to extract ECG features [3] . Fanga proposed a novel algorithm based on the phase space trajectory of ECG [4] . Better results can be obtained based on machine learning and morphology theory [5] [6] [7] [8] , but it is very difficult to meet real-time application using these complicated algorithms. Therefore, new, more efficient algorithms need to be presented [9, 10] . This paper proposes a simple and quick detection algorithm for QRS complexes and R-waves. Unlike other approaches, which detect R-peaks first and then determine the QRS-complexes by the R-peaks, this method extracts the QRS region by K-means clustering first and then detects R-peaks by comparing the peaks just in the extracted QRS regions. A wavelet transform is often used to preprocess ECG signals [11] [12] [13] , and we also used this method in this paper. Furthermore, different algorithms are compared based on the MIT-BIH Arrhythmia Database.
Methods
This paper proposes a novel scheme for detecting QRS-complexes and R-peaks that will be suitable for long time ECG monitoring. The basic flow is shown in Figure 1 . First, the ECG is preprocessed by wavelet analyzing. Then, K-means clustering detects the QRS-complex. Finally, the R-peak is marked.
Preprocessing raw data using wavelet analyzing
The original signal contains some noise, such as industrial frequency noise and baseline drift. The classic analysis method is the Fourier transform. The Fourier transform can reveal the characteristics of the signal in the frequency domain. To some degree, a wavelet transform (WT) is a development of the Fourier transform. Any application using the Fourier transform can be formulated using wavelets to provide more accurately localized temporal and frequency information [1] . A smooth and quickly vanishing oscillating function was chosen as the mother wavelet. After scaling and translation, this mother wavelet function becomes the basis function in wavelet analysis. Because of the good localization of the mother wavelet, the wavelet is capable of detecting and characterizing specific phenomena in both time and frequency planes [1] .
While the basis wavelet function is defined as Eq. (1) and S(t) for the original signal, the wavelet decomposition function is defined as Eqs. (2) and (3). In the equation, cAk stands for the approximation of the signal and cD1…k represent detail information.
This paper adopts the Sym8 wavelet to decompose the original signal at level 8. For example, using #103 from the MIT-BIH Arrhythmia Database, Figure 2 shows the result of wavelet analysis on the
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electrocardiogram from 00:17:00 to 00:18:00. In the results, cA8 performs the overall approximation of the original, and cD1-cD3 contains the major noise information of the original signal. Thus the filter information contained in cA8, cD1, cD2, and cD3 eliminate the baseline drift and noise interference. The filtered result is shown in Figure 3 . 
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Points in a QRS-complex are characterized by large amplitude fluctuations. This characteristic can be reflected clearly by the slope value. So, in this section, this paper uses the slope information to extract the QRS-complex, and the procedures are as follows. a) Calculate absolute slope: from the input electrocardiogram data (n), calculate the slope between the adjacent two points.
b) Cluster the absolute slope value of the divided data segment using the K-means method The slope value is a direct reflection of the amplitude changes. The slope chart in Figure 4 (a) reveals the distinguishing feature in the QRS region. During the QRS regions, very high positive slopes and very low negative slopes gather in the same area. Adopting the absolute value of the slope enhances the slope feature of the QRS region. Based on the absolute slope, we cluster the values into two classes using the K-means method.
When a number of samples are given and they must be grouped into K number of clusters, the K-means algorithm can be used. It is based on the minimization of the performance index, which is defined as the sum of the squared distances from all points in a cluster domain to the cluster center [5] . QRS regions in a relatively short time interval have more characteristics in common. The adopted K-means algorithm simply elects two cluster centers, one with a higher slope center and the other with a lower slope center. This paper adopts segmented K-means clustering; limiting the input clustering data to 1-minute long ensures the accuracy of K-means clustering. 
Detection of R-peaks
When comparing the amplitudes during the extracted QRS region, we find the peak with the highest amplitude, which is only the R-peak in this QRS region. The result is shown in Figure 5 . a) Find all the peaks in QRS region: If
Then the point data (k) is classified as a peak. b) Compare the amplitudes of the peaks: in each QRS region, the highest peak is the R-peak of this QRS-complex.
Results
The MIT-BIH Arrhythmia Database contains 48 records. Each record consists of signals from two channels (MLII, V1, V2, V4, or V5). The above method was evaluated with Lead-MLII signals from 8 records in the MIT-BIH Arrhythmia Database. We selected 30-min signals from each record. To evaluate the detection result, we use two essential parameters to describe the performance of the R-peaks detection: detection sensitivity Se 
where TP, FN, and FP are true positive, false negative, and false positive, respectively. Referring to the annotation provided by the MIT-BIH Arrhythmia Database, the statistical results are shown in Table 1 . Average R-peak detection sensitivity reached 99.72%, and average positive predictive value reached 99.80%. In addition, the results of several other algorithms are listed in Table  2 . According to the comparison, our algorithm presents a competitive performance.
In addition to a desirable sensitivity performance, the proposed method has a good speed performance. A computer with Intel Core 2 Duo CPU 3.1 GHz is used for evaluation. By testing the 8 records, the average time consumed for detection on a 30-min original signal is 5.78 s, which is much faster than other methods in Table 2 (all more than 10 s). This is due to the new detection order, where the R-wave is detected after QRS is extracted, which is different from the usual method. The good speed performance may help the application in uninterrupted ECG monitoring system. 
Conclusion
The method proposed in this paper is simple and easy to implement. Especially for the long-term ECG monitoring, it can provide fast detection with high accuracy. A wavelet transform is an efficient tool for analysing an ECG signal. With a WT, the baseline drift is fully eliminated, and noise from the industrial frequency band is suppressed well. The segmented K-means clustering method not only has better accuracy, but also satisfies the uninterrupted monitoring needs. Because the R-peaks are elected by comparing amplitudes in each QRS region respectively and dynamically, this method can adapt to different ECG situations. Due to the combination of these simple algorithms, this detection method is qualified for an intelligent ECG monitoring system.
